Introduction
Under physiological conditions, the efficient removal of dead cells and their remnants prevents the accumulation of cellular debris that may serve as a potential source of autoantigens. Abnormal cell demise and impaired or delayed clearance of cellular remnants are considered to play a crucial role in the etiology of autoimmune diseases such as systemic lupus erythematosus (SLE). 1, 2 It is thought that both environmental factors, such as chemicals, drugs, or pathogens, and genetic predisposition, shown by genomewide association studies, contribute to the development of this disease. [3] [4] [5] The progression of the malady is fostered by the formation of immune complexes leading to a plethora of clinical manifestations, such as butterfly rash, nephritis, glomerulonephritis,
Apoptosis
Apoptosis is a highly controlled and well-organized process involved in many physiological conditions, such as embryogenesis and normal tissue turnover. The intentional suicide of cells which are no longer required, as is the case with immune cells after resolution of infection or cells whose DNA is damaged, is mandatory for the preservation of tissue homeostasis and prevention of malignancies. During the execution of this form of cell demise, the integrity of the cell membrane is maintained as long as possible, avoiding autoantigen leakage and triggering of immune responses. [13] [14] [15] [16] Apoptosis can be initiated either intrinsically (mitochondrial) or extrinsically (death receptor-mediated). In both pathways, effector caspases are proteolytically activated. They cleave a plethora of intracellular substrates such as focal adhesion or cytoskeleton proteins, consequently leading to weakening of the plasma membrane scaffold. Moreover, molecules such as DNA fragmentation factor 17 and caspaseactivated deoxyribonuclease are activated. 18 Simultaneous inactivation of poly(ADP-ribose) polymerase consequently results in the degradation of the DNA. 19, 20 The action of the effector caspases contributes to the characteristic phenotype of an apoptotic cell.
The cell executes a series of morphological and biochemical changes comprising chromatin condensation, fragmentation of the nucleus, blebbing, cell shrinkage, and formation of apoptotic bodies. The latter contain modified cell-derived material. 21, 22 The content of these membranous particles presents a potential source of (often) nuclear autoantigens, which are typically recognized by autoantibodies in patients with SLE. 23 
Signals during apoptosis
When a cell undergoes apoptosis in vivo, it has to be recognized, ingested, and rapidly degraded in an immunologically silent manner. Thus, an apoptotic cell exposes and secretes a series of signals in order to ensure its quick and efficient engulfment (Table 1) . Exposing "find me" signals, the apoptotic cell attracts professional and non-professional phagocytes, 24 which are able to engulf the dying cell in the presence of "eat me" signals, like phosphatidylserine (PS). 25, 26 In living cells, PS is mainly restricted to the inner leaflet of the plasma membrane. 27 During apoptosis, this asymmetrical distribution is lost. 28 In some cells, such as resting B cells. 29 or activated CD8 + T cells, 30 PS transiently appears on the cells' surfaces. In these cases, PS exposure does not initiate engulfment by phagocytes. Thus, surface exposure of PS is not sufficient for serving as an "eat me" signal. 31 During apoptosis, when the cytoskeleton is fragmented by proteolytic cleavage, the high lateral mobility of its components is discussed to precipitate an adequate recognition and phagocytosis. 32, 33 On the one hand, recognition of apoptotic cells is directly mediated by receptors on the surfaces of phagocytes, such as Bal-1, 34 stabilin-2, 35 Tim-1, and Tim-4. 36, 37 On the other hand, efferocytosis is facilitated indirectly by the soluble bridging molecules, such as CRP, annexin A1, β2GPI, MFG-E8, and Gas-6, and their receptors on phagocytes. The bridging enables a close positioning of the phagocyte and its prey. [32] [33] [34] 37, 38 The activation of an intracellular signaling cascade finally results in the remodeling of the actin cytoskeleton and the ingestion of the apoptotic corpse. 39 "Stay away" signals, such as lactoferrin, are secreted by the apoptotic cell to prevent granulocyte attraction, inflammation, and the triggering of an immune response. Consequently, the migration of neutrophils to the site of apoptosis is inhib- 
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Inflammatory etiopathogenesis of SLe ited. 40 The uptake of cellular debris causes the secretion of the anti-inflammatory cytokine interleukin 10 (IL-10) by phagocytes, often referred to as a "tolerate me" signal. 25 The production of the proinflammatory cytokines, such as tumor necrosis factor alpha (TNF-α), IL-1, or IL-12, by phagocytes is decreased during ingestion. Finally, the highly regulated process of cell death allows the clearance of dying cells without triggering inflammatory responses and represents a hallmark of apoptosis.
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Failure of dead cell clearance leads to secondary necrosis and SLE As mentioned earlier, immunological silence during apoptotic cell death is achieved by maintaining the integrity of the cellular membrane and the subsequent secretion of antiinflammatory cytokines by engulfing phagocytes. The fast and efficient removal of dying cells and their remnants prevents progression of apoptotic cells to the stage of secondary necrosis, accompanied by rupture of the cell membrane and subsequent release of harmful intracellular contents including the damage-associated molecular pattern molecules, HMGB1, ATP, uric acid, and hyaluronic acid. Hampered removal of cells undergoing apoptosis may lead to the induction of inflammation and autoimmune responses. [41] [42] [43] [44] The production of autoantibodies and the consecutive opsonization of intracellular autoantigens by those antibodies foster the uptake of secondary necrotic cell-derived material by phagocytes. The secretion of the pro-inflammatory cytokines such as IL-8, interferon alpha (IFN-α), TNF-β, IL-18, and IL-1β fuels inflammation and promotes further tissue damage. 45 As a consequence, circulating immune complexes are formed and may bind to tissues or deposit, inter alia, in the skin, joints, or kidneys. 46 This leads to the activation of the complement system that attracts innate immune cells promoting local inflammation. The activation of plasmacytoid dendritic cells (pDC) by immune complexes results in the secretion of IFN-α, establishing the so-called "IFN-α signature" of leukocytes. As a result of the deposition of the immune complexes and activation of inflammatory processes, severe organ damage occurs, which in turn fuels the vicious cycle of accumulation of secondary necrotic cells and inflammatory clearance driving SLE. The established inflammatory processes encompass both a persistent immunostimulatory status and several rather short-lasting recurrent flares.
In the course of SLE, the canonically immune silent pathway of apoptosis turns into a harmful source of autoantigens and immunostimulatory signals prone to sustain chronic autoimmune responses. Importantly, also in healthy individuals, a few apoptotic cells can undergo secondary necrosis, but fast degradation and removal with the participation of DNase I and C1q ensures the maintenance of immune tolerance. [47] [48] [49] Primary necrosis in the development of SLE Necrosis is provoked by exogenous factors that damage the cell, such as toxic events or mechanical injury. As a consequence, swelling of the oncotic cell causes sudden rupture of the membrane. This leads to cellular leakage of modified and deleterious intracellular material into the extracellular space. Neutrophils, lymphocytes, and macrophages migrate to the site of efflux of intracellular content and initiate inflammation. 50, 51 Thus, tissue damage may contribute to the development of the autoimmune disease SLE. Overwhelming cell death combined with a defective clearance of dying and dead cells is associated with the break of self-tolerance.
The role of NETosis in the development of SLE
Neutrophils are the most abundant granulocytes that play a crucial role in the defense against microbial infections. Attracted by tissue-resident macrophages, resident mast cells, or endothelial cells, they migrate from the blood vessels to the site of injury, where they engulf pathogens, degranulate by releasing antimicrobial molecules, and secrete proinflammatory cytokines. 52 Neutrophils are able to attract DC by the secretion of C-C chemokines, like MIP-3α/CCL20 and MIP-3β/CCL19. 53 Under healthy conditions, neutrophils undergo apoptosis and are engulfed and cleared by tissueresident macrophages. 54 At the site of infection, neutrophils are able to form neutrophil extracellular traps (NETs) decorated with several antimicrobial molecules. This form of suicidal cell death is referred to as NETosis. 55 NETs consist of processed chromatin associated with cytoplasmic proteins and granules. The latter are vesicles containing toxic, microbicidal molecules. These granules associate with the NETs during the process of NETosis. Four types of granules can be distinguished: azurophilic (primary) granules, specific (secondary) granules, gelatinase (tertiary) granules, and secretory vesicles. NETosis also occurs in response to invading pathogens and exogenous or endogenous stimuli, like fine dust or monosodium urate crystals. NETosis can also be induced by the proinflammatory cytokines IL-8 and IL-1β or platelet activation factor. Eosinophils and basophils are also able to externalize their chromatin and form extracellular DNA-based traps. The formation of NETs involves several steps. First, activated neutrophils get in contact with the stimulus and disintegration of granules occurs. Neutrophil elastase and myeloperoxidase, which are released from azurophilic granules, reach the cellular nucleus orchestrating histone modification and chromatin decondensation. 57, 58 Another important modification of histones is peptidylarginine deiminase 4 (PAD4)-mediated citrullination. This enzyme is a member of the PAD family, which consists of five isotypes. Only PAD4 possesses a nuclear localization signal. [59] [60] [61] Citrullination of histone H3 plays an important role in the decondensation of the chromatin during NETosis. As a result, the nuclear envelope is destroyed and the integrity of cell membrane is lost. This leads to the rapid release of DNA-containing net-like structures. 62 Neutrophil elastase is able to partially degrade the linker and core histones, thus creating neoantigens. Moreover, histones can undergo other relevant modifications such as acetylation, methylation, hyperubiquitination, or poly(ADP-ribosyl)ation, possibly determining their immunogenic capacities. 63 Besides their important function as a scaffold for nucleosome formation, the basic histone proteins can also kill pathogens. 64 As mentioned earlier, several patients suffering from SLE are seropositive for antibodies that recognize cytoplasmic autoantigens from neutrophils. These autoantibodies recognize components of NETs like neutrophil elastase, myeloperoxidase, LL-37, or lactoferrin. 65 In addition, these autoantibodies promote IFN-α production by pDC and thus contribute to the IFN-α signature. Autoantibodies specific for surface-expressed LL-37 induce the release of NETs by neutrophils. Enhanced LL-37 surface expression in turn fuels inflammation and autoantibody production via IFN-α. 66, 67 Furthermore, NETosis is accompanied by the release of noxious intracellular constituents such as heat shock proteins, modified histones, or HMGB1. These intracellular proteins are able to activate DC and may thus challenge immune tolerance. 68 Since NETs are composed of DNA, they are prone to degradation by DNase I. In the case of patients with SLE, this nuclease may act insufficiently as a result of inhibitors, anti-DNase I antibodies, or genetic variations. 69 This may cause persistence of NETs serving as a source for potential autoantigens, thereby challenging self-tolerance (Figure 1 ). Importantly, a neutrophil subpopulation enriched in the blood of patients suffering from SLE is more prone to execute NETosis. 66, 67 It has recently been shown that neutrophils isolated from patients with SLE reveal a robust pattern of demethylation of the IFN-regulated genes, suggesting a pathogenic role for neutrophils in lupus. 70 Neutrophils may secrete proinflammatory cytokines and factors able to activate B cells such as a proliferation-inducing ligand, if activated by deposited immune complexes. Nevertheless, aggregated NETs are also important to confine and resolve inflammation. They are able to trap pro-inflammatory cytokines and chemokines, which are consequently proteolytically degraded. This limits the inflammatory response.
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Implications of impaired phagocytosis on autoimmunity
Hampered clearance of cellular debris is discussed to play a substantial role in the development of SLE. It is, among others, the result of failures in the processes of apoptosis and/or phagocytosis. In healthy individuals, cellular debris is cleared in a fast and efficient manner. Signals released by apoptotic cells during their death induce attraction of phagocytes, which engulf and digest cellular remnants before the integrity of the cellular membrane is lost. This prevents the triggering of an inflammatory reaction.
Opsonization facilitates the proper removal of cell remnants. Under healthy conditions, the recognition of dead cells is supported by opsonins like IgM, the complement component C1q, CRP, or MBP. Several patients with SLE reportedly show decreased levels of these components in their sera. In individuals who are genetically predisposed to develop SLE, decreased levels of MBP and C1q have been shown to be associated with the disease. 72, 73 A cooperation of C1q and DNase I accelerates the degradation of necrotic cells-derived chromatin. 49, 74 The combination of a failure in the effective and immunologically silent opsonization of dead cell remnants and the abnormal immunogenic opsonization by autoantibodies of secondary necrotic cellderived materials substantially contributes to the development of autoimmune disease and fuels chronic inflammation. This highlights the important role of opsonization of dead and dying cells for the multifactorial and complex disorder SLE.
A reduction in the phagocytic capacity and impaired adhesion is a hallmark of monocyte-derived macrophages (MDM) found in patients with SLE. Professional phagocytes and antigen-presenting cells of patients with SLE show a decreased size and capacity to engulf their prey, when compared with cells isolated from the blood of normal healthy donors. 75 Additionally, MDMs isolated from patients suffering from SLE exhibit a decreased adhesion 76 and an impaired production of the adhesion molecule CD44, which also contributes to the clearance of apoptotic neutrophils. 77 Consequently, the removal of their apoptotic remnants by MDMs is impaired. There is also evidence that MDMs isolated from patients with SLE die faster than those isolated from normal healthy donors. 
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Under healthy conditions, cellular remnants of cells undergoing apoptosis in the germinal centers (GCs) of secondary lymphoid organs are taken up and digested by tingible body macrophages without their activation as antigen-presenting cells. Since the number and size of tingible body macrophages are decreased in patients with SLE, the persistence of cellular debris might favor the binding of apoptotic cell-derived autoantigens by follicular dendritic cells (fDC) and the subsequent presentation of nuclear autoantigens to autoreactive B cells, resulting in their survival, activation, and expansion. 79 Moreover, it has been shown that the levels of CRP are atypically low in patients with SLE. CRP serves as bridging molecule between phagocytes and their prey and reduces the inflammatory potential of apoptotic corpses. 80 This may result from its recognition by autoreactive antibodies. The fact that several components of the complex and diverse interplay in apoptotic cell clearance are reportedly defective in SLE emphasizes the multifactorial genesis of this disease. Finally, failures in opsonization and consequently in the clearance of apoptotic and necrotic cells result in the accumulation of autoantigens challenging immunological tolerance and causing the fueling of inflammation.
Autoantibodies as disease-driving factors
In healthy individuals, central and peripheral tolerance checkpoints ensure the elimination of autoreactive T and B cells, protecting the organism against the development of autoimmunity. However, in the case of SLE, B-and T-cell tolerance is challenged and subsequently lost. This may be a consequence of a failure of clonal deletion of autoreactive T or rescue of autoreactive B cells. 
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In healthy GCs, fDC present immune complexes to maturing and mutating B cells, and provide survival signals in the case of cognate interaction of the B cell with the antigen of the immune complexes. In the lymph nodes of several SLE patients, uncleared nuclear remnants accumulate, which bind to fDC and provide survival signals for autoreactive B cells that had been generated by chance during the process of somatic hypermutation. The improper exposure of nuclear autoantigens in this delicate location is consequently prone to break self-tolerance to nuclear autoantigens. Indeed, the germline variants of autoantibodies often do not display autoreactivity. 86 It is important to note that fDC are not derived from bone marrow, do not ingest particulate antigens, and are neither related to myeloid nor to plasmacytoid DC.
B cells that are positively selected in the GC by either immune complexes (immune B cells) or by nuclear debris (autoimmune B cells) can receive long-term survival signals from autoreactive CD4 + T cells in the mantle zone of the lymphatic tissue. B cells subsequently differentiate into memory or plasma cells which produce autoreactive antibodies. As already mentioned, autoantibodies are able to recognize cytoplasmic and nuclear autoantigens derived from cellular remnants, thereby opsonizing circulating self-antigens and facilitating the formation of inflammatory immune complexes. Thus, the production of autoantibodies is an important and characteristic feature in the course of SLE that greatly contributes to its etiopathogenesis. In patients with SLE, autoantibodies undergo isotype switch from IgM to IgG and affinity maturation. 87 Opsonization of self-antigens by autoantibodies of the IgG isotype leads to Fcγ receptor-mediated inflammatory phagocytosis. However, autoantibodies of the IgM isotype may serve as an ameliorative factor in SLE, since they are discussed to opsonize autoantigens for an anti-inflammatory engulfment, thus avoiding the challenge of self-tolerance. 51, 88, 89 Importantly, the status of glycosylation of complexed IgG seems to have an impact on disease activity, since lectin binding to native complexed IgG is increased in patients with SLE. Immune complexes with highly fucosylated autoantibodies may be engulfed more efficiently by phagocytes and, thereby, foster inflammation. 90 In contrast, the loss of terminal galactose in the Fc part of IgG results in increased complement activation 91 favoring the clearance of dead cell remnants, and the absence of terminal sialic acid reportedly suppresses antibody-dependent cell-mediated cytotoxicity.
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Dendritic cells and SLE
DC are a heterogeneous group of cells with two major populations: myeloid DC (mDC) and pDC. DC are scattered over the entire body, where they serve as sentinels (mDC and pDC) and scavengers (mDC) for pathogens. mDC finally process and present phagocytosed antigens to naïve T cells in an immune-stimulatory or tolerance inducing fashion. Note that fDC are a completely different cell type that is not human leukocyte antigen-restricted and not derived from bone marrow precursors. fDC present surface-bound antigens in immune complexes to follicular B cells.
DC need to mature from antigen-capturing toward antigen-presenting cells. During this process, they increase the surface expression of major histocompatibility complex as well as costimulatory molecules (CD80, CD86, and CD40). Maturation is also accompanied by the secretion of high levels of proinflammatory cytokines such as IL-12, IL-6, and TNF-α, which enable DC to drive the type of T-cell polarization. 93 Mature DC may present self-antigens to T cells leading to their differentiation into two subsets, T follicular helper and Th17 cells, and inhibit the development of regulatory T cells with tolerogenic capacity. 94 Immature DC are crucial for the maintenance of epitope-specific tolerance, when they present antigen in the absence of costimulation to T cells leading to anergy or deletion of autoreactive T lymphocytes and development of regulatory T cells. 95 In the context of SLE, mDC present modified macromolecules in an immunogenic manner and challenge the tolerance against nuclear autoantigens. DC employ pattern recognition receptors such as toll-like receptors (TLR) to recognize their targets. 96 mDC express most of the known TLR, whereas pDC only express TLR7 and TLR9 that recognize ssRNA and CpG DNA, respectively. [97] [98] [99] Opsonization of autoantigens by autoantibodies leads to the activation of pDC, the natural IFN-producing cells. This results in elevated expression of IFN-α-regulated genes in patients with SLE, referred to as "type-1 interferon signature". As a consequence, CD80 and CD86 are upregulated and serve as signals for survival and expansion of autoreactive CD4 
Therapeutic options
In order to treat SLE, nonsteroidal anti-inflammatory drugs (NSAIDs) as well as immunosuppressive corticosteroids are commonly used. In the combination with these drugs, plasma exchange is used in patients with life-threatening manifestations to remove autoreactive antibodies and harmful immune complexes. 101 These conventional therapies have limitations and are frequently accompanied by adverse side effects. As mentioned earlier, autoreactive IgG contributes to the immune 
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Inflammatory etiopathogenesis of SLe pathology of SLE. IgG antibodies are required and sufficient to protect the organism against certain microbial infections. This dual role is referred to as intravenous IgG paradox. Thus, substitution of IgG levels by intravenous immunoglobulin preparations is an important treatment option for patients with SLE after plasma exchange. Intravenous immunoglobulin preparations consist of IgG from pooled serum of thousands of donors. 102, 103 Another therapeutic option for patients with refractory SLE is B-cell depletion by rituximab, a chimeric anti-CD20 antibody that temporarily depletes B cells as well as short-lived plasma cells. 104 Belimumab, a monoclonal antibody that specifically targets the B lymphocyte stimulator and therefore disturbs B-cell activation, proliferation, and survival, has been approved to treat SLE. 105 In few patients with refractory SLE with high uncontrolled disease activity, autologous bone marrow transplantation and inhibition of the proteasome with bortezomib may be employed as last option. 106, 107 In recent years, targeted therapies emerged as new potential therapeutic options, due to a better understanding of the etiopathogenesis of SLE. As discussed earlier, changes in the glycosylation pattern of IgG may either foster or ameliorate inflammatory diseases. Since it is known that deglycosylated IgG is unable to elicit antibody-dependent cell-mediated cytotoxicity and complement activation, one therapeutic option might be modulation of antibody glycosylation. 108 A potent glycosylation modulator is endoglycosidase EndoS, which specifically cleaves the sugar moiety of the Fc portion of IgG 102,109 making it a potential tool for SLE immunotherapy. Another promising target is the pathogenic loop of DC activation and IFN-α production, which precipitates the development of SLE. Monoclonal antibodies targeting type-I IFN [110] [111] [112] or molecules inhibiting TLR signaling are promising agents interfering with the above-mentioned pathogenic cycle. The antimalarial drugs chloroquine and hydroxychloroquine dis- 
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Podolska et al play antithrombotic and anti-lipidemic effects, prevent lupus flares, and increase the long-term survival of patients with SLE. 113, 114 Another putative target for therapeutic intervention is IL-6 which, inter alia, contributes to the maturation of B cells into plasma cells. Increased levels of this proinflammatory cytokine correlate with disease activity of patients with SLE. 115 Tocilizumab, a monoclonal antibody targeting IL-6 receptor, is a promising agent that can effectively block IL-6 signaling. Moreover, autoreactive IgM came into focus, since it is considered to be an ameliorative factor in the course of SLE and may be used in antibody therapy. 51, 88, 89 Nevertheless, additional studies are necessary to explore and exploit this therapeutic repertoire.
Conclusion and future direction of research
Despite the fact that the knowledge about the etiopathogenesis of SLE has increased in the past few years, there are still unanswered questions. It is well established that a deficiency of the fast and efficient removal of dead cell corpses and debris plays a central role in the course of the disease (Figure 2) . Therefore, therapeutic intervention in the vicious cycle of SLE by rescuing the failure of dead cell clearance is a promising approach. Recent studies have given new insights into the course of SLE, providing new possibilities for the development of targeted therapeutic strategies. So far, secondary necrosis was thought to be the major source of autoantigens triggering autoimmunity. Recently, NETosis has come into focus as another form of cell death with similar effects. This raises the question of whether therapeutic targeting of neutrophils is a new treatment option.
The current treatment of SLE with NSAIDs or immunosuppressive drugs generally ameliorates disease manifestations. Nevertheless, the patient's life quality is affected. An important aspect is reaching a balance between inhibition of disease-inducing inflammation and maintenance of the beneficiary host immune response. The powerful tools, which are provided by research, may be exploited in combination with commonly used drugs in future therapeutic interventions. However, the possible side effects of these therapeutic agents, such as deglycosylated IgG or anti-inflammatory IgM antibodies as well as agents targeting DC and type-I IFN, have to be examined carefully. The complexity of the disease emphasizes the need of combined therapy specifically targeting the inflammatory loop driving the pathology of SLE.
